Introduction
Mitochondrial membrane permeabilization (MMP), which can aect both the inner and/or outer mitochondrial membranes, precedes necrotic or apoptotic cell death and frequently occurs upstream of the apoptosis-speci®c activation of caspases. MMP results in the release cytochrome c, a caspase activator, Smac/ DIABLO, and apoptosis-inducing factor (AIF), a caspase independent death eector, both of which normally are sequestered in the intermembrane space. MMP is, at least in part, regulated by the mitochondrial permeability transition pore complex (PTPC), also called mitochondrial megachannel, a multiprotein complex formed at the contact site between the mitochondrial inner and outer membranes. The core components of the PTPC are the adenine nucleotide translocator (ANT, in the inner membrane), cyclophilin D (in the matrix), and the voltage-dependent anion channel (VDAC in the outer membrane) (Crompton et al., 1998; Green and Reed, 1998; Kroemer and Reed, 2000; Marzo et al., 1998b; Wood®eld et al., 1998) .
Five independent lines of evidence suggest the involvement of the PTPC in mitochondrial-signalingmediated apoptosis. First, apoptosis is accompanied by an early permeabilization of mitochondrial membranes. Several PTPC-inhibitory agents prevent both MMP and subsequent cell death . Second, in cell-free systems, mitochondria or mitochondrial proteins are rate-limiting for the activation of caspases and nucleases. Isolated mitochondria release apoptogenic proteins capable of activating caspases or endonucleases upon opening of the PTPC in vitro (Kluck et al., 1997; Liu et al., 1996; Susin et al., 1999; Zamzami et al., 1996) . Third, the liposomereconstituted PTPC is inhibited by recombinant Bcl-2 or Bcl-X L , apoptosis-inhibitory proteins which are known to prevent PTPC opening in cells and isolated mitochondria (Marzo et al., 1998a,b) . Bcl-2 also inhibits pore formation by ANT, both in proteoliposomes (Marzo et al., 1998a) and in synthetic lipid bilayers . Fourth, pro-apoptotic proteins such as Bax appear to facilitate MMP through the functional or physical interaction with the PTPC constituents ANT Marzo et al., 1998a) and/or VDAC (Shimizu et al., 1999 (Shimizu et al., , 2000 to facilitate MMP. Fifth, a number of endogenous, viral, or xenogenic eectors trigger the apoptotic signaling pathway by acting on the PTPC directly Kroemer and Reed, 2000) . Taken together, these ®ndings suggest that PTPC opening is sucient and, at least in some cases, necessary for triggering apoptosis.
Among the various proteins contained in the PTPC, ANT and VDAC may be the ones responsible for the regulation of inner MMP and outer MMP, respectively. VDAC is the target of apoptosis regulatory proteins such as hepatitis virus X protein (proapopotic) (Rahmani et al., 2000) and Neisseria mengintidis porin B (anti-apoptotic) (Massari et al., 2000) . ANT, conversely, appears to be the target of viral protein R (Vpr, pro-apoptotic) and vMIA/UL37 from cytomegalovirus (antiapoptotic) (Goldmacher et al., 1999) . ANT has also been identi®ed as a protein that can form non-speci®c channels in response to Vpr , Ca 2+ (Brustovetsky and Klingenberg, 1996) , atractyloside , as well as the pro-oxydants diamide (which causes thiol crosslinking and enforces ANT dimerization) and tert-butylhydroperoxide (a donor of reactive oxygen species) Vieira et al., 2000) . The ANT-mediated permeabilization of proteoliposome membranes is enhanced by Bax and inhibited by Bcl-2 Jacotot et al., 2000) . Indeed, both Bax and Bcl-2 interact with a domain of ANT (aa 54 ± 105) (Marzo et al., 1998a) , which also contains the Vprbinding peptide motif WXXF; aa 110 ± 114; ref. (Bou Hamdan et al., 1998; Jacotot et al., 2001) , and which, by deletion mapping, has been determined to be critical for the apoptogenic eect of ANT (Bauer et al., 1999) .
Nitric oxide (NO), peroxynitrite, and 4-hydroxynonenal (HNE) are pleiotropic eectors with multiple physiological and pathogenic functions Nicotera et al., 1999) . NO is known to be a criticial mediator of pathological cell death in AIDS (Mossalaly et al., 1999) , neurodegenerative diseases (Estevez et al., 1999) , and ischemia reperfusion damage (Murphy, 1999) . HNE is involved in the oxidative stress and cell death associated with neurodegenerative diseases (Mattson, 1998) . Although anti-apoptotic eects have been documented for NO in some systems (Melino et al., 1997) , it appears that NO is, at least at pathologically relevant concentrations, mostly proapoptotic. Several mechanisms have been proposed for this apoptogenic eect of NO: ceramide formation (Huwiler et al., 1999) , induction of surface receptors for lethal ligands (e.g.; IFN-g receptors) (Allione et al., 1999) , inhibition of the proteasome (Glockzin et al., 1999) , activation of the p38 MAP kinase (Ghatan et al., 2000) , and/or generation of peroxynitrite (via reaction with anion superoxide), a highly reactive radical species (Groves, 1999) . Peroxynitrite can modify proteins via S-nitrosylation or tyrosylnitrosylation. In addition, it acts as a pro-oxidant with pleiotropic eects on DNA, proteins, and membranes. HNE is a by-product of the peroxydation of unsaturated fatty acids, in particular linoleic acid and arachidonic acid. It can derivatize glycine, histidine, and cysteine residues (Kristal et al., 1995; Szweda et al., 1993; Uchida and Stadtman, 1992) , thereby generating protein adducts. In addition, HNE causes lipid peroxidation. In several instances NO has been shown to induce MMP, when added to intact cells (Hortelano et al., 1997 (Hortelano et al., , 1999 Ushmorov et al., 1999) or puri®ed mitochondria (Brookes et al., 2000; Ghafourifar et al., 1999; Hortelano et al., 1997) . HNE also causes MMP, at least in vitro, in isolated mitochondria (Kristal et al., 1995) .
Although it appears that, as many other apoptosis inducers, NO, peroxynitrite, and HNE may cause MMP, their precise mode of action remains to be determined. To this end, we have investigated the eects of Bcl-2 and vMIA, mitochondrial cell death suppressors which prevent MMP and have been shown to physically interact with PTPC components (Goldmacher et al., 1999; Marzo et al., 1998b) . In addition, we assessed the eects of NO, peroxynitrite, and HNE on puri®ed mitochondria and ANT proteoliposomes. We found that ANT reconstituted into synthetic lipid bilayers, can mediate membrane permeabilization responses to NO, peroxynitrite, and HNE. These results suggest that ANT is a critical target of apoptosis induction by NO, peroxynitrite, and HNE.
Results and Discussion
Bcl-2 prevents mitochondrial alterations induced by pro-oxidants and NO donors in intact cells A variety of pro-apoptotic agents induce a dissipation of the DCm (quantitated with the¯uorochrome DiOC 6 (3)), followed by the enhanced generation of superoxide anion by the respiratory chain (measured with HE) (Zamzami et al., 1995) . This applies also to the apoptosis inducers peroxynitrite, HNE, and two dierent NO donors (SIN-1, which generates NO and ROS or SNAP which only generates NO), which when added to Jurkat cells, cause a DCm reduction and an elevated generation of HE-detectable reactive oxygen species. Transfection-enforced expression of Bcl-2, which reportedly acts locally on mitochondrial membranes, largely reduces these mitochondrial changes (Figure 1 ). These data and analogous results obtained with Bcl-2-transfected HeLa and BJAB cells (not shown) suggest that mitochondria may play a role in the apoptotic process triggered by NO donors, peroxynitrite and HNE.
Direct induction of MMP involves the PTPC
To investigate the mitochondrial eects of NO donors, peroxynitrite and HNE on mitochondria, these agents were added to isolated mitochondria in vitro, followed by assessment of large amplitude swelling, which is known to trigger the mitochondrial release of soluble intermembrane proteins including cytochrome c and AIF (Bernardi et al., 2001; Petit et al., 1998; Susin et al., 1999) . As shown in Figure 2 , NO donors, peroxynitrite, and HNE induced similar levels of mitochondrial matrix swelling as did Ca 2+ and the pro-oxidant t-BHP, which served as positive controls. Mitochondrial swelling was completely (in the case of NO donors) or partially (in the case of peroxynititre and HNE) suppressed by CsA, a prototype inhibitor of the PTPC (Crompton, 1999) , suggesting the involvement of the PTPC. In addition, a complete inhibitory eect of the lipophilic antioxidant BHT was observed. SOD yielded rather partial inhibitory eects (with SNAP, peroxynitrite, and HNE) or no inhibitory eect at all (with SIN-1 and t-BHP), whereas catalase mitigated swelling induced by NO donors, peroxynitrite and HNE. Altogether these data suggest that the components assessed in this study can have direct mitochondrial eects which involve the PTPC and are mediated, at least in part, by oxidative reactions.
Direct permeabilization of ANT proteoliposomes
In view of the likely involvement of the PTPC in mitochondrial membrane permeabilization induced by NO donors, peroxynitrite, HNE and t-BHP (as positive control), we tested whether these agents may aect the permeability of ANT proteoliposomes. To this end, ANT-containing liposomes or protein-free control liposomes were exposed to NO donors, peroxynitrite and HNE and membrane permeabilization was assessed using a recently developed assay in which the accessibility of 4-methylumbelliferylphosphate (4-MUP) encapsulated into the liposomal lumen to (3) low (a) alkaline phosphatase added to the extra-liposomal milieu was assessed . In this experimental set-up, the conversion of 4-MUP into thē uorescent product 4-methylumbelliferone (4-MU) provides a quantitative measure of liposomal membrane permeabilization. NO donors and HNE were more ecient in permeabilizing ANT proteoliposomes than plain liposomes, at any concentration ( Figure 3 ). In contrast, peroxinitrite also permeabilized ANT-free control liposomes. Nonetheless, at relatively low concentration (41.5 mM), this labile product was slightly more ecient (in ®ve independent experiments) in permeabilizing ANT proteoliposomes than control liposomes ( Figure 3 ). These data indicate that ANT facilitates the permeabilization of membranes by NO donors, peroxynitrite and HNE. In accord with observations obtained on isolated mitochondria (Figure 2 , see above), the anti-oxidant trolox (which, as BHT, prevented lipid peroxidation) largely inhibited the permeabilization of ANT proteoliposomes ( Figure  4 ). Moreover, paralleling the results obtained on intact cells (Figure 1 ), recombinant Bcl-2 incorporated with ANT into proteoliposomes reduced membrane permeabilization induced by SNAP, SIN-1, and HNE ( Figure  4 ). In contrast, Bcl-2 only conferred a partial inhibitory eect on membrane permeabilization induced by peroxynitrite (Figure 4 ).
Covalent modifications of mitochondrial proteins and/or lipids
Upon exposure to NO donors, peroxynitrite or HNE, ANT might undergo covalent derivatization, for instance by carbonylation (detected by derivatization with dinitrophenylhydrazine, DNPH, which selectively reacts with carbonyl groups, yielding dinitrophenyl
[DNP]-haptenized proteins) (Yan and Sohal, 1998) , nitrotyrosylation (detected by a nitrotyrosine-speci®c antibody), or adduction of HNE (detected by an HNEspeci®c antibody) (Kruman et al., 1997) . To investigate this possibility, puri®ed ANT was exposed to NO donors, peroxynitrite or HNE, subjected to SDS gel electrophoreses and immunodetection of DNP, nitrotyrosyl residues, or HNE adducts ( Figure 5 ). Puri®ed ANT appeared to be refractory to carbonylation and HNE adduction, however, it was susceptible to the covalent modi®cation of tyrosine residues by peroxynitrite ( Figure 5 ). Previous studies indicated that some ANT cysteine residues may be critical redox-sensitive sensors and that ANT thiol oxidation may favor opening of the PTPC (Costantini et al., 1996 Hashimoto et al., 1999) . In view of the capacity of NO to react with thiols (S-nitrosylation) (Melino et al., 1997) , we determined whether NO donors or peroxynitrite might covalently modify thiols of ANT (which contains three cysteins). As shown in Figure 6 , NO donors, peroxynitrite and HNE did cause an oxidation/ derivatization of either soluble ANT, at doses that appear to be functionally relevant (Figures 2 and 3) . Peroxynitrite, HNE, and SIN-1 (but not SNAP) induced lipid peroxidation in proteolipsomes, which was inhibited by BHT but not by recombinant Bcl-2 protein (Figure 7 ).
The ANT-interacting cell death suppressor vMIA prevents the mitochondrial and nuclear signs of apoptosis induced by NO donors, peroxynitrite and HNE vMIA is a cytomegalovirus-encoded cell death processor which has been reported to speci®cally interact with ANT (Goldmacher et al., 1999) . Accordingly, in cells constitutively expressing vMIA tagged in its carboxy-terminus with the myc epitope, ANT but not another PTPC constitutent, VDAC coimmunoprecipitated with vMIAmyc. This result has been obtained with two stably transfected cell lines, namely HeLa cancer cells and BJAB lymphoma cells (Figure 8 ). To test if ANT actually plays a critical role in NO-, peroxynitrite-and HNE-induced apoptosis, the mitochondrial and nuclear eects of these agents were comparatively assessed on cell lines expressing vMIA or vector-only (Neo) transfected control cells. As shown in Figure 9 , BJAB-vMIA cells treated with NO, peroxynitrite or HNE exhibited a much lower DCm loss and ROS production (determined by DiOC 6 (3))/HE staining and FACS analysis), as compared to BJAB-Neo controls. Moreover, vMIA inhibited the loss of nuclear DNA induced by these agents in BJAB cells. Similarly, vMIA protected HeLa cells against DCm dissipation (quanti®ed by staining with JC-1 and¯uorescence microscopy) and the Hoechst 33324-detectable chromatin condensation (Figure 10 ). Concomitantly, vMIA inhibited the mitochondrio-nuclear translocation of AIF and the mitochondrio-cytosolic translocation of cytochrome c induced by NO, peroxynitrite and HNE (Figure 11 ). Thus, vMIA prevents both the permeabilization of the Figure 2 Eect of NO-donors, peroxynitrite and HNE on isolated mitochondria. Puri®ed hepatocyte mitochondria were pre-incubated with buer only (control), CsA (1 mM), catalase (500 U/ml), SOD (400 U/ml), BHT (50 mM) for 2 min and then incubated with 20 mM Ca 2+ (negative control), Ca 2+ (200 mM; positive control; 100% value), or 20 mM Ca 2+ plus t-BHP (50 mM), SNAP (200 mM), SIN-1 (200 mM), ONOO 7 (1.8 mM), or HNE (40 mM). Ten minutes after addition of the indicated agents large amplitude swelling was quantitated as described in Materials and methods. Results are mean values+s.d of three independent experiments inner mitochondrial membrane (which accounts for the DCm loss) and the permeabilization of the outer mitochondrial membrane (which allows for the release of cytochrome c and AIF). These results support the hypothesis that, at least in part, the apoptogenic eects of NO, peroxynitrite and HNE are mediated via ANT.
Concluding remarks
The data presented in this work suggest that ANT is a critical target of apoptosis induction by NO, peroxynitrite and HNE, based on the observation that ANT reconstituted into proteoliposomes confers an enhanced permeabilization response (as compared to (Figure 4 ). In addition, these agents induce mitochondrial and nuclear signs of apoptosis in a fashion that is inhibited Figure 4 Inhibitory eects of anti-oxidants and Bcl-2 on permeabilization of ANT proteolipomes by NO-donors, peroxynitrite and HNE. 4-MUP-preloaded ANT-proteoliposomes or ANT-Bcl-2 proteoliposomes (molar ratio 1 : 1) were pre-incubated with buer only (control) or trolox (1 mM) for 20 min, then exposed for 40 min to the t-BHP (25 mM), SNAP (100 mM), SIN-1 (100 mM), ONOO 7 (900 mM), or HNE (25 mM) and the degree of membrane permeabilization was assessed as in Figure 3 . Results are mean values+s.d. (n=3) Figure 5 Carbonylation, nitrotyrosylation, and HNE adduct formation of ANT exposed to NO-donors, peroxynitrite and HNE. Puri®ed soluble ANT was exposed to the indicated agent (same conditions as in Figure 2 ), aliquoted and then subjected to immunoblot detection for the determination of DNP adducts (indicative of protein carbonylation), nitro-tyrosylation, or HNE adducts using speci®c antibodies. As in internal control, the electrophoretic mobility of puri®ed ANT was assessed by revealing the blot with anti-ANT antibody (upper panel). Parallel experiments performed on control proteins yielded positive immunodetection results with the DNP and HNE-reactive antibodies (not shown) by Bcl-2 (a protein known to stabilize mitochondrial membranes, presumably via an eect on Bax, VDAC and/or ANT) (Figure 1 ) and vMIA (a protein speci®cally interacting with ANT) (Figures 9 ± 11) .
The detailed molecular mechanisms through which NO, peroxynitrite and HNE act on ANT have been addressed in this work. NO donors fail to cause carbonylation or tyrosylnitrosylation of puri®ed ANT in vitro, and HNE fail to induce generation of ANT-HNE adducts. However, peroxynitrite causes detectable tyrosylnitrosylation when added to puri®ed ANT ( Figure 5) . Alternatively, or in addition, NO donors, peroxynitrite and HNE oxidize/derivatize ANT thiols (Figure 6 ), a phenomenon that is known to convert ANT into a non-speci®c pore .
As, in the ANT proteoliposome system, peroxynitrite has two dissociable permeabilization eects, one that does not depend on ANT (presumably mediated via direct peroxidation of lipids) and another that requires ANT (and that is presumably inhibited by Bcl-2) (Figures 3 and 4) , we tested the eect of NO, peroxynitrite and HNE in lipid peroxidation ( Figure  7) . Similarly to peroxynitrite, high doses of SIN-1 or HNE (but not SNAP) cause lipid peroxidation, paralleling the fact that SIN-1, HNE and t-BHP (but not SNAP) can have an ANT-independent membrane permeabilization eect (Figure 3 ). This may suggest that in the case of peroxynitrite or in the case of high doses of HNE and SIN-1, lipids can also be a target of these agents, probably acting as oxidants. Of note, SIN-1 (but not SNAP) is also a donor of small amounts of ROS. This lipid peroxidation was not prevented by Bcl-2. This ®nding favors the hypothesis that Bcl-2 prevents permeabilization of ANT proteo- . BJAB cells transfected with the vector only (Neo) or with vMIA were cultured in the presence of peroxynitrite (700 mM, 4 h), HNE (40 mM, 4 h), t-BHP (50 mM, 4 h), SNAP (800 mM, 18 h), or SIN-1 (800 mM, 18 h), followed by staining with DiOC 6 (3) and HE. Results are mean values+s.d. (n=3) liposomes via direct protein ± protein interactions with ANT, and not via an anti-oxidant function of Bcl-2, as proposed previously (Hockenbery et al., 1993) . Anyway, Bcl-2 could always prevent the upstream of an oxidation stress in intacted cells.
In intact cells, however, the peroxynitrite-induced MMP and nuclear apoptosis was largely inhibited by Bcl-2 (Figure 1 ) and vMIA (Figures 9 ± 11 ). This may suggest that, in the context of the cellular environment with its multiple redox buers, peroxynitrite more speci®cally aects ANT than in proteoliposomes, and lipid peroxidation might be less important. Alternatively, this may be interpreted to mean that, in intact cells, Bcl-2 and vMIA have also additional antiapoptotic eects than those mediated via ANT.
In conclusion, it appears that several mediators of pathological cell death, NO, peroxynitrite and HNE exert their pro-apoptotic eect, at least in part, through ANT. Intriguingly, NO was reported to be locally produced by mitochondria (Ghafourifar et al., 1999; Lopez-Figueroa et al., 2000) . Future investigation will clarify whether this locally produced NO (and its derivative peroxynitrite) induce any apoptosismodulatory eects in addition to its regulatory eect on oxygen consumption by inhibition of cytochrome c oxidase (Clementi et al., 1999) .
Materials and methods

Cell lines and apoptosis induction
Jurkat cells transfected with the human Bcl-2 gene (Aillet et al., 1998) , BJAB or HeLa cells transfected with the cytomegalovirus UL37 exon 1 gene coding for vMIA (Goldmacher et al., 1999) , as well as control cells transfected with the pcDNA3.1 vector containing the neomycin resistance gene (Neo), were cultured in RPMI-1640 (Jurkat) or DMEM (BJAB or HeLa) medium supplemented with 2 mM glutamine, 10% FCS, 1 mM pyruvate, 10 mM HEPES and 100 U/ml pencillin/streptomycin at 378C under 5% CO 2 , 1 ± 5610 5 cell/ml were treated with various doses of tertbutylhydroperoxide (t-BHP, Sigma, St. Louis, MO, USA), peroxynitrite (ONOO 7 , Upstate Biotechnology) and 4-hydroxynonenal (HNE, OXIS, International Inc.) for 4 h at 378C; and 3-morpholinosydnonimine (SIN-1, Sigma), Snitroso-N-acetylpenicillamine (SNAP, Sigma, which releases 60 nM free NO per 1 mM) overnight at 378C. Since peroxynitrite has a half life 51 s 71 (Koppenol et al., 1990) , it was added while throroughly mixing the culture medium.
Assessment of apoptosis-associated parameters
The following¯uorochromes were employed to assess apoptosis-associated changes by cyto¯uorometry on a FACS Vantage (Becton Dickinson), while gating the forward and the side scatters on viable cells: 3,3' dihexyloxacarbocyanine iodide (DiOC 6 (3), 20 nM) for DC m quanti®cation, hydroethidine (HE, 5 mM) for the determination of superoxide anion generation (Zamzami et al., 1995) . Alternatively, cells cultured on a cover slip were stained with 5,5',6,6'-tetrachloro-1,1', 3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1, 3 mM, Molecular Probes) and Hoechst 33342 (2 mM, Sigma), followed by¯uorescence microscopic assessment of apoptotic parameters, as described Ferri et al., 2000) . A rabbit antiserum generated against aminoacids 151 to 200 of AIF (Susin et al., 1999) was used on paraformaldehyde (4% w : v) and picric acid®xed (0.19 % v : v) cells and revealed with a goat anti-rabbit IgG conjugated to phycoerythrine (PE) (Southern Biotechnology, Birmingham, AL, USA). Cells were also stained for the detection of cytochrome c (mAb 6H2.B4 from Pharmingen, detected by a goat anti-mouse IgG1¯uorescein isothiocyanate (PE) conjugate; Southern Biotechnology), hsp60 (mAb H4149 from Sigma, revealed by a goat anti-mouse IgG1 FITC), cytochrome c oxidase (COX subunit IV, mAb 2038C12 from Pharmingen, detected by a goat anti-mouse IgG2a FITC conjugate), and/or chromatin (Hoechst 33342, 2 mM, 15 min of incubation at RT).
Isolation of mouse liver mitochondria and measurement of MTP opening
Mitochondria were puri®ed from Balb/c mouse livers on a Percoll 1 gradient . One mg/ml of mitochondrial protein were resuspended in 0.2 M sucrose, 10 mM Tris-MOPS, pH 7.4, 5 mM succinate-Tris, 1 mM Pi, 2 mM rotenone and 10 mM EGTA-Tris (swelling buer). PT pore opening was monitored as the change of 908 light scattering at 545 nm using a Hitachi F-4500¯uorescence spectrophomete. The decrease in light scattering induced by Ca2+ (200 mM, 10 min) was considered as 100% value.
Purification of ANT and its reconstitution into liposomes
ANT was puri®ed from rat heart mitochondria, which contain the two ANT isoforms (ANT1, ANT2) (Dorner et al., 1999) . After mechanical shearing, mitochondria were suspended in 220 mM mannitol, 70 mM sucrose, 10 mM HEPES, 200 mM EDTA, 100 mM DTT, 0.5 mg/ml subtilisin, pH 7.4, kept 8 min on ice and sedimented twice by dierential centrifugations (5 min, 500 g and 10 min, 10 000 g). Mitochondrial proteins were solubilized by 6% [v : v] Triton X-100 (Boehring Mannheim) in 40 mM K 2 HPO 4 , 40 mM KCl, 2 mM EDTA, pH 6.0, for 6 min at RT and solubilized proteins were recovered by ultracentrifugation (30 min, 24 000 g, 48C). Then, the Triton X-100 extract was applied to a columns ®lled with 1 g of hydroxyapatite (BioGel HTP, BioRad), eluted with the previous buer and diluted [v : v] with 20 mM MES (2-[N-morpholino]ethanesulfonic acid), 200 mM EDTA, 0.5% Triton X-100, pH 6.0. Subsequently, the sample was separated on a Hitrap SP column using a FPLC system (Pharmacia) and a linear NaCl gradient (0 ± 1 M) (Marzo et al., 1998a) . Puri®ed ANT and/or recombinant human Bcl-2, produced and puri®ed as described (JuÈ rgensmeier et al., 1998; Marzo et al., 1998a) , were reconstituted in phosphatidylcholine/cardiolipin liposomes. Brie¯y, to prepare liposomes, 90 mg phosphatidylcholine and 2 mg cardiolipin were mixed in 1 ml choroform, and the solvent was evaporated under nitrogen. Dry lipids were resuspended in 1 ml liposomes buer (125 mM sucrose+ 10 mM HEPES) containing 0.3% n-octyl-û-D-pyranoside and mixed by continuous vortexing for 40 min at RT. ANT (0.1 mg/ml) and/or Bcl-2 (0.1 mg/ml) were then mixed with liposomes [v : v] and incubated for 15 min at RT. Proteoliposomes were ®nally dialyzed overnight at 48C.
Quantification of liposomal permeabilization
ANT proteoliposomes were sonicated in the presence of 4-umbelliferylphosphate (4-MUP, 1 mM, Sigma) and 10 mM KCl (50 W, 22 s, Branson soni®er 250) on ice and washed on Sephadex G-25 columns (PD-10, Pharmacia). Twenty-®ve mlaliquots of liposomes were mixed [v : v] with various concentrations of pro-apoptotic inducers, incubated for 1 h at RT and diluted to 200 ml in liposomes buer. The inhibitor of mitochondrial membrane permeabilization cyclosporin A (CsA, 1 mM) or trolox (1 mM) were added to the liposomes 15 min before pro-apoptotic inducers. After addition of 10 ml alkaline phosphatase (5 U/ml, Boehringer Mannheim) diluted in liposomes buer+0.5 mM MgCl 2 , samples were incubated for 15 min at 378C and the enzymatic conversion of 4-MUP to 4-MU (4-methylumbelliferone) was stopped by addition of 50 ml stop buer (10 mM HEPES-NaOH, 200 mM EDTA, pH 10.0). Fluorescence was subsequently determined using a Perkin Elmer spectro¯uorimeter (excitation 365 nm, emission 450+5 nm). Atractyloside, a pro-apoptotic permeability transition inducer, was used in each experiment as a standard to determine the 100% response. The percentage of 4-MUP release was calculated as the following : [(¯uorescence of liposomes treated by the test substance ±¯uorescence of untreated liposomes)/(¯uorescence of liposomes treated by atractyloside ±¯uorescence of untreated liposomes)]6100.
Protein modification assays
Puri®ed ANT (30 mg/ml) was treated with 10 mM 2,4-dinitrophenylhydrazine (DNPH, Sigma) for 30 min at RT and then subjected to SDS ± PAGE (12%). Western blot was performed with rabbit anti-2,4-dinitrophenyl (DAKO) at 1 : 000 dilution. Alternatively, puri®ed ANT was analysed by SDS ± PAGE (12%) followed by Western blot immunodetection with mouse anti-HNE (48) and rabbit anti-nitro-tyrosine (Upstate) at 2 mg/ml.
Titration of thiol groups
Cysteine residue was titrated by alkylation with iodoacetamide. Reaction mixtures containing 0.1 M Tris-acetate pH 7.5, 20 mM CaCl 2 , 2 mM 14 C-iodoacetamide (59 mCi/ mmol) and 0.5 mg of puri®ed ANT were incubated for 5 min at 238C. Aliquots were spotted on 3 MM ®lter paper. Filters were washed in 20% TCA, 10% TCA, 5% TCA and absolute ethanol, dried and counted. To calculate the stoichiometry of the reaction, mol of 14 C-iodoacetamide bound to the proteins were estimated from the decay per min (d.p.m.) and corrected for the eciency of the beta-counter. When the eect of NO was studied, increasing concentrations of the NO-donors were added to the reaction mixture and incubated for 5 min. Before the initiation of the reaction with 14 C-iodoacetamide, the NO-donors were removed by gel ®ltration, using Chroma Spin-10 columns (Clontech, Palo Alto, CA, USA) according to the manufacturer's instructions.
Lipid peroxidation assay
The lipid peroxidation measurements were performed using the thiobarbituric acid assay as described (Buege and Aust, 1978) . Brie¯y, 0.25 ml of liposomes reconstituted with ANT and ANT+Bcl-2 were added to 0.5 ml TCA-TBA-HCl reagent (15% [w : v] trichloroacetic acid, 0.375% [w : v] thiobarbituric acid; 0.25 N hydrochloric acid), mixed thoroughly and heated in boiling water bath for 15 min. After cooling, the precipitate was eliminated by centrifugation at 1000 g for 10 min. The absorbance was determined at 535 nm against a blank that contains all reagents minus the lipid. Lipid peroxidation was calculated as an increase over baseline levels, determined for untreated liposomes.
Immunoprecipitation and protein blots
Cell extracts for Western blot analysis for detection of vMIAmyc, VDAC and ANT were prepared by standard procedures using 150 mM NaCl/5 mM EDTA/50 mM Tris.HCl, PH 8.0/1% Triton-X-100 in the presence of protease inhibitors, and centrifuged at 10 000 g at 48C for 10 min. For immunoprecipitation, the supernatants were incubated with 9E10 anti-myc antibody covalently linked to A-Prep 10 beads (Goldmacher et al., 1999) , and washed with the lysis buer. Protein samples were separated under reducing conditions by SDS ± PAGE and were analysed by a standard Western blot protocol using the ECL (enhanced chemoluminescence) detection system (Amersham). The following primary antibodies were used: 9E10 anti-myc antibody (Evan et al., 1985) , to detect vMIAmyc; antihuman porin Ab-4 (Calbiochem), to detect VDAC, and and anti-ANT rabbit antiserum raised against puri®ed rat heart ANT (Marzo et al., 1998a) , to detect ANT. Secondary antibodies used were HRP-labeled anti-mouse IgG (Jackons Labs) or anti-rabbit IgG (Southern Biotechnology).
Abbreviations AIF, apoptosis-inducing factor; ANT, adenine nucleotide translocator; COX, cytochrome c oxidase; CsA, cyclosporin A; Cyt c, cytochrome c; DiOC 6 (3), 3,3'dihexyloxacarbocyanine iodide; DCm, mitochondral transmembrane poteintal; BHT; butylated hydroxytoluene; HE, hydroethidine; HNE, 4-hydroxynonenal; 4-MU; 4-methylumbelliferone; 4-MUP; 4-methylumbelliferylphosphate; ROS, reactive oxygen species; SIN-1, 3-morpholinosydnonimine; SNAP, S-nitroso-N-acetylpenicillamine; PTPC, permeability transition pore; SOD; superoxide dismutase; t-BHP, tert-butyhlhydroperoxide; VDAC, voltage-dependent anion channel; vMIA, viral mitochondria-localized inhibitor of apoptosis.
